E ffector CD4
ϩ T cells are classically divided into two lineages based on distinct cytokine production profiles: the Th1 lineage, which produces IFN-␥, and the Th2 lineage, which produces IL-4 and IL-13. Recently, a lineage of effector CD4 ϩ T cells that produces IL-17, Th17, has been identified (1, 2) . IL-17A is the original member of the IL-17 family. IL-17A and IL-17F share the highest degree of homology and some biological functions such as tissue recruitment of neutrophils (3) . The differentiation pathway of Th17 cells from naive CD4 ϩ cells is independent of the transcription factors and signaling molecules that are important for the differentiation of the other two T helper lineages. Moreover, the development of Th17 cells is inhibited by IL-4 and IFN-␥ (1, 2). Recent studies have described a critical role for TGF␤ and IL-6 in Th17 commitment and an important role for the cytokine IL-23 in the expansion of Th17 cells (4) (5) (6) .
Extensive studies have focused on the role of Th17 cells in autoimmune diseases. Th17 was shown to be important in mouse models of experimental autoimmune encephalitis and collageninduced arthritis, in which IFN-␥ was previously thought to be a major contributor (7) . IL-17A is expressed by cells in airways of patients with moderate-to-severe asthma (8) . IL-17 mRNA and protein expression levels are elevated in the serum and the sputum of patients with asthma and correlate with sputum neutrophil counts and with airway hyperreactivity to methacholine (9) (10) (11) . The exact role of IL-17 in Th2-dominated lung inflammation is controversial. IL-17 Ϫ/Ϫ xDO11.10 transgenic mice failed to induce airway inflammation to inhaled ovalbumin (OVA) (12) . In another study, administration of IL-17 to s.c.-immunized mice resulted in decreased airway inflammation and decreased Th2 cytokine expression to inhaled OVA (13) .
Atopic dermatitis (AD) is a common pruritic inflammatory skin disease that often begins in infancy. The incidence of AD has been steadily rising, and it now affects Ͼ15% of children in the U.S. The majority of infants with AD develop asthma and/or allergic rhinitis later in life (14) . Epicutaneous (EC) sensitization with allergens is thought to play an important role in the pathogenesis of AD (15, 16) . AD skin lesions show infiltration of T cells and eosinophils and increased expression of Th2 cytokines in the acute stage and additional expression of Th1 cytokines in the chronic stage. IL-17 is also expressed in the acute skin lesions (17) .
The physiologic conditions of antigen exposure that drive IL-17 production have not been well defined. Cutaneous IL-17 expression in human AD suggested that antigen exposure via skin might selectively drive IL-17 responses. We have developed a mouse model of AD using repeated EC sensitization with OVA to tape-stripped skin (18, 19) . We show here that EC sensitization elicits a robust local and systemic Th17 immune response and that IL-17 plays an important role in the development of lung inflammation after skin sensitization with antigen.
Results

EC Sensitization Results in Cutaneous IL-17 Expression and Elicits
Th17-Secreting Antigen-Specific Cells in the Draining Lymph Nodes (LN). To determine whether Th17 cells are present at sites of EC sensitization, we examined IL-17 mRNA expression. Fig. 1A shows that IL-17A and IL-17F mRNA levels were up-regulated in OVAsensitized skin, compared with saline controls. As previously described (19, 20) , OVA EC sensitization significantly up-regulated mRNA expression of the Th2 cytokines IL-4 and IL-13, but had little effect on IFN-␥ expression (Fig. 1B) .
We also examined the presence of Th17 antigen-specific cells in the draining LN of BALB/c mice immunized with OVA via the EC route. Fig. 1C shows that cells from inguinal and axillary LN that drain EC-sensitized skin secreted IL-17A after in vitro stimulation with OVA. In contrast, cells from mesenteric LN (MLN) of i.p.-immunized mice secreted very little IL-17A in response to OVA. Cells from draining LN of EC-sensitized mice and MLN of i.p.-immunized mice with OVA secreted comparable amounts of IL-4 and IFN-␥ in response to OVA (Fig. 1C ). There was little or no detectable secretion of IL-17A, IL-4, or IFN-␥ by cells from LN of control mice that were EC-sensitized or i.p.-immunized with saline (Fig. 1C) or by cells from LN of OVA-immunized mice cultured with medium (data not shown). We also examined cytokine production by cells from mediastinal LNs, which serve as draining LNs after i.p. immunization. Cells from these LNs secreted IL-4 and IFN-␥ in response to OVA, albeit in lower amounts than MLNs, but no detectable amounts of IL-17A [supporting information (SI) Fig. 7 ].
EC Sensitization Induces a Systemic Th17 Response. We examined the presence of Th17 antigen-specific cells in splenocytes from ECsensitized mice. Fig. 2A shows that splenocytes of EC-sensitized mice secreted Ϸ20-fold more IL-17A than those of i.p.-immunized mice in response to OVA. In contrast, IL-4 and IFN-␥ secretion were comparable between the two groups. Selective induction of Th17 cells by EC sensitization was confirmed by examining the intracellular IL-17A expression. There was a higher percentage of CD4 ϩ IL-17 ϩ cells in splenocytes from OVA EC-sensitized mice compared with OVA i.p.-immunized mice (mean Ϯ SEM: 3.7 Ϯ 0.17% vs. 1.29 Ϯ 0.12%, n ϭ 3, P Ͻ 0.05). In contrast, the percentage of CD4 ϩ IFN-␥ ϩ was comparable between the two groups (4.57 ϩ 0.55% vs. 4.74 ϩ 0.9%, n ϭ 3, P Ͻ 0.05). Splenocytes from saline EC-sensitized mice showed increased percentages of CD4 ϩ IL-17 ϩ cells compared with saline i.p.-immunized mice (1.55 Ϯ 0.02% vs. 0.67 Ϯ 0.05%, n ϭ 3, P Ͻ 0.05).
We also examined whether EC sensitization resulted in increased circulating IL-17A levels. Serum IL-17A levels were not detectable in unimmunized mice. OVA EC-sensitized mice had significantly higher serum IL-17A levels than saline controls (Fig. 2B) . Serum IL-17A levels rose only slightly in OVA i.p.-immunized mice. It should be noted that EC sensitization, but not i.p. immunization with saline, caused the appearance of moderate amounts of IL-17A in serum. These results suggest that EC sensitization elicits a robust systemic IL-17 response.
Inhalation Allergen Challenge Elicits IL-17 Expression in the Lungs of EC-Sensitized Mice. We previously showed that allergen inhalation challenge of EC-sensitized mice results in airway inflammation (18, 21) . We asked whether Th17 cells are recruited to the lungs of EC-sensitized mice after antigen airway challenge. Fig. 3A shows that lungs from OVA EC-sensitized mice exhibited a significant Ϸ5-fold increase in IL-17A and IL-17F mRNA expression compared with lungs of saline controls. Induction of IL-17 expression after airway antigen challenge was selective to the EC route of sensitization, because lungs from i.p.-immunized mice exhibited no increase in IL-17A or IL-17F mRNA expression. In contrast to the robust expression of IL-17, lungs of EC-sensitized mice expressed significantly less Th1, Th2 cytokines, and CCL11 than lungs from i.p.-immunized mice, 2-fold versus 40-fold for IL-4, 9-fold versus 75-fold for IL-13, no increase versus 3-fold for IFN-␥ mRNA, and 3-fold versus 30-fold for CCL11 (Fig. 3A) .
To confirm the increased IL-17A expression at the protein level, lung cells were stimulated with OVA for 2 days, and the supernatants were examined for their IL-17A content. We next compared the cellular composition of BALF from EC-sensitized versus i.p.-immunized mice after inhalation challenge. The total cells number in BALF from OVA EC-sensitized mice was only half that in BALF from OVA i.p.-immunized mice (3.67 Ϯ 0.05 ϫ 10 5 versus 7.9 Ϯ 1.7 ϫ 10 5 , n ϭ 3 experiments with six mice each group, P Ͻ 0.01). The percentage of neutrophils in BALF of OVA EC-sensitized mice was significantly higher than in BALF of mice i.p.-immunized with OVA, 15 Ϯ 2.8% versus 2.5 Ϯ 0.9%, n ϭ 3, P Ͻ 0.01 (Fig. 4B ). There was a concomitant decrease in the percentage of eosinophils, with little change in the percentage of lymphocytes and macrophages.
We also compared cellular infiltration in lung tissue from ECsensitized versus i.p.-immunized mice. Fig. 4C shows that, after inhalation challenge, there was a dense cellular infiltrate in lungs To determine the role of IL-17 in the neutrophil influx to the challenged lungs of EC-sensitized mice, we treated EC-sensitized mice with a neutralizing anti-IL-17A mAb. One hundred micrograms of anti-IL-17A mAb or IgG2a isotype control were administered i.v. 7 and 4 days before the first airway challenge. Administration of anti-IL-17A mAb, but not IgG2a isotype control, significantly diminished BALF neutrophilia but had no effect on BALF eosinophilia and lymphocytosis after antigen challenge (Fig. 5A) . Anti-IL-17A, but not control mAb, reduced the predominantly neutrophilic cellular infiltration in lung tissue (Fig. 5B ) and significantly reduced CXCL2 mRNA but had no significant effect on IL-4 and IL-13 mRNA in lung tissue (Fig. 5C) .
We had previously shown that antigen-inhalation challenge of mice EC-sensitized with OVA results in increased responsiveness to methacholine compared with saline controls (18, 21) . Fig. 5D shows that, after inhalation challenge, OVA EC-sensitized mice, but not saline controls, developed a robust response to aerosolized methacholine, reflected in a significant increase in enhanced pause (Penh). Penh values represent an estimate for airway obstruction and may indicate airway hyperreactivity and inflammation. The methacholine response of OVA EC-sensitized mice was significantly attenuated by anti-IL-17A mAb treatment (Fig. 5D ). These data suggest that IL-17A is critical for the neutrophil influx into the lung and airway and contributes to the increased responsiveness to methacholine after antigen-inhalation challenge of OVA ECsensitized mice.
Skin-Derived Dendritic Cells (DCs) Express Increased Amounts of IL-23
and Selectively Induce IL-17 Production in Naïve T Cells. Skin DCs capture antigen and subsequently traffick to regional draining LNs where they present antigens and prime naïve T cells into effector cells (23, 24) . To examine the role of skin-derived DCs in the induction of IL-17 after EC sensitization with antigen, we applied FITC to shaved and tape-stripped skin and isolated CD11c ϩ FITC ϩ from the draining LN 24 h later. We used FITC rather than OVA-FITC because application of FITC results in a higher percentage of FITC ϩ CD11c ϩ in the draining LN compared with application of OVA-FITC (9.4 Ϯ 1.8% versus 3.9 Ϯ 1.4%). These CD11c ϩ FITC ϩ DCs, which represent recent emigrants from the skin, were compared with CD11c ϩ FITC ϩ DCs isolated from spleens of mice i.p.-injected with FITC for their capacity to induce cytokine secretion by naïve DO11.10 CD4 ϩ cells after stimulation with OVA 323-339 peptide. Fig. 6A shows that skin-derived CD11c ϩ FITC ϩ DCs induced robust IL-17A production by DO11.10 CD4 ϩ T cells. In contrast, splenic CD11c ϩ FITC ϩ DCs induced only modest IL-17A production. Skin-derived and splenic CD11c ϩ FITC ϩ DCs elicited comparable production of IL-4, IL-13, and IFN-␥. The selective ability of skin-derived DCs to induce IL-17A production was confirmed by intracellular staining of IL-17A, IFN-␥, and IL-4 in CD4 ϩ T cells (SI Fig. 8 ). In three experiments, the percentage of CD4 ϩ IL-17 ϩ cells in cultures containing skin-derived DCs was 0.93 Ϯ 0.15% compared with 0.28 Ϯ 0.02% cells in cultures containing splenic DCs (P Ͻ 0.002). In contrast, the percentage of CD4 ϩ IFN-␥ ϩ and of CD4 ϩ IL-4 ϩ cells was not significantly different between the two groups (data not shown). There was no difference in the ability of skin-derived and splenic DCs to support the proliferation of DO11.10 CD4 ϩ T cells to either OVA peptide (Fig. 6B) or OVA (data not shown), indicating that the difference in the ability of skin-derived and splenic DCs in inducing IL-17 is not the result of difference in their ability to process or present antigen.
TGF␤ and IL-6 are important for the induction of IL-17, whereas IL-23 is important for the expansion of Th17 cells (4-6). We compared the expression of these three cytokines in skin-derived and splenic CD11c ϩ FITC ϩ DCs using quantitative PCR. Fig. 6C shows that skin-derived DCs expressed significantly more the IL-23/p19 mRNA than splenic DCs (3-fold more) but no significantly different levels in TGF␤ and IL-6 mRNA. In contrast, skin-derived and splenic DCs expressed comparable levels of IL-12/p35 (Fig. 6C) . To determine whether IL-23 plays a role in the induction of IL-17 by skin-derived DCs, we examined the effect of IL-23 neutralizing Ab on IL-17 production by DO11.10 CD4 ϩ T cells stimulated with OVA 323-339 peptide in the presence of skinderived FITC ϩ DCs. Fig. 6D shows that IL-23-neutralizing Ab significantly inhibited IL-17 production. As expected, neutralizing Abs to TGF␤ and IL-6 also significantly inhibited IL-17 production. In contrast, none of the Abs had a significant effect on IL-4 or IFN-␥ production (Fig. 6D ) or on T cell proliferation (data not shown).
Induction of IL-17 by Skin-Derived DCs Is Inhibited by Intradermal (i.d.)
Injection of Anti-TGF␤. TGF␤ is expressed in skin keratinocytes and its expression is up-regulated in human skin after tape-stripping (25, 26) . We found a 4-fold increase in TGF␤ expression 8 h after tape-stripping of mouse skin (data not shown). We considered the possibility that skin-derived TGF␤ may play a role in promoting the ability of skin-derived DCs to induce Th17 cells. To investigate this possibility, anti-TGF␤ mAb or control IgG1 mAb was injected i.d. 24 h before FITC painting of the skin. CD11c ϩ FITC ϩ DCs were isolated 24 h later from draining LNs and examined for their capacity to induce IL-17A production in DO11.10 CD4 ϩ T cells. I.d. injection of anti-TGF␤ mAb significantly inhibited the capacity of skin-derived DCs to induce IL-17A production by naïve T cells, but had no effect on their capacity to induce production of IL-4 and IFN-␥ or T cell proliferation (SI Fig. 9 ). I.d. injection of anti-TGF␤ mAb had no effect on the recovery of CD11c ϩ FITC ϩ cells from draining LNs and had no effect on TGF␤ mRNA expression by these DCs (data not shown). Tape-striping causes up-regulation of IL-6 mRNA expression in skin (data not shown). However, i.d. injection of anti-IL-6 had no detectable effect on the capacity of skin-derived DCs to induce IL-17A production by naïve T cells (data not shown). These results suggest that skin TGF␤ contributes to the ability of skin-derived DCs to polarize naïve T cells toward IL-17 secretion.
Discussion
We demonstrate that EC sensitization selectively induces a systemic Th17 response to antigen and results in airway inflammation EC-sensitization resulted in a local and systemic Th17 response. OVA-sensitized skin expressed IL-17A and IL-17F mRNA in addition to IL-4 and IL-13 mRNA (Fig. 1 A and B) . Increased expression of IL-17 in the skin may be responsible, at least in part, for the presence of neutrophils that we previously reported in OVA-sensitized skin in our model (18) . CCR4 is the major skinhoming receptor on mouse T cells (27) . We have found impaired expression of IL-17 mRNA in OVA-sensitized skin of CCR4 Ϫ/Ϫ mice (data not shown), suggesting that CCR4 may be expressed on Th17 cells and governs their homing to the skin. Both IL-1 released from keratinocytes after skin injury and Toll-like receptor engagement by products of skin-colonizing microbes may play a role in the induction of a Th17 response to EC sensitization. Indeed, we have found that there was significantly less IL-17A expression in OVAsensitized skin of MyD88 Ϫ/Ϫ mice (SI Fig. 10 ). Draining LN cells and splenocytes from EC-sensitized mice produced IL-17A in response to antigenic stimulation in vitro (Figs.  1C and 2 A and B) . In contrast, there was little IL-17A secretion by mesenteric LN or splenocytes from i.p.-immunized mice. Increased IL-17 secretion was not the result of a more potent immune response to EC sensitization, because draining LN cells and splenocytes of EC-and i.p.-sensitized mice secreted comparable amounts of IFN-␥ and IL-4 ( Figs. 1C and 2 A) . Because IL-17 production can be down-regulated by both IFN-␥ and IL-4 (28), this finding suggests that the selective induction of a Th17 response by EC sensitization is not due to decreased production of Th1 and Th2 cytokines after this mode of sensitization. Serum IL-17A levels were elevated in OVA EC-sensitized mice, but not in OVA i.p.-immunized mice (Fig. 2C) , indicating that IL-17A was being produced in vivo. Intriguingly, serum IL-17A levels were elevated in saline EC-sensitized mice, albeit less than in OVA controls (Fig.  2C) . It is possible that IL-17A production in saline EC-sensitized mice was in response to skin injury and release of danger signals that may include heat shock proteins and/or microbial flora antigens that entered via tape-stripped skin. In addition, IL-6 and IL-23 expression are strongly up-regulated after tape-stripping (data not shown).
Antigen-inhalation challenge caused increased mRNA expression of IL-17A and IL-17F in lungs of OVA EC-sensitized mice but not in lungs of OVA i.p.-immunized mice (Fig. 3A) . Similarly, secretion of IL-17A protein predominated in OVA-stimulated lung cells from EC-sensitized mice (Fig. 3B) . In contrast, there was little increase in IL-17A secretion by OVA-stimulated lung cells from i.p. sensitized mice, consistent with a recent report on s.c.-immunized mice challenged by inhalation of antigen (13) . The presence of IL-17A in BALF from EC-sensitized mice also indicates that IL-17A protein was produced in vivo (Fig. 3D) .
Although draining LN cells and splenocytes from EC-sensitized and i.p.-immunized mice secreted equivalent amounts of IL-4 and IFN-␥ in response to OVA stimulation (Figs. 1C and 2 A) , expression and secretion of Th2 (IL-4 and IL-13) and Th1 (IFN-␥) cytokines was blunted in the lungs of EC-sensitized mice compared with lungs of i.p.-immunized mice (Fig. 3 A and B) . This is consistent with the observation that administration of IL-17 in the airway inhibits Th2 cytokine production in the lungs of s.c.-immunized mice (13) . In addition, expression of CCL11 mRNA, which depends on IL-4 and IL-13, was also reduced in lungs of EC-sensitized mice and may explain the decreased eosinophil accumulation in BALF of EC-sensitized mice.
The Th17-dominated response of lungs from EC-sensitized mice to antigen inhalation was associated with increased expression of the neutrophil chemokine CXCL2, increased neutrophils in the BALF, and a peribronchial infiltration with neutrophils and a relative paucity of eosinophils (Fig. 4) . Neutrophilia in the BALF of EC-sensitized mice was reported by Herrick et al. (29) . A role for IL-17 in the recruitment of neutrophils to the airways and lungs of EC-sensitized mice was established by our demonstration that treatment of EC-sensitized mice with anti-IL-17A mAb before inhalation challenge resulted in a significantly decreased mRNA expression of CXCL2 and, more importantly, in a significant reduction in BALF neutrophilia (Fig. 5 A and C) . Treatment of EC-sensitized mice with anti-IL-17A mAb was also associated with substantial reduction in peribronchial inflammation and attenuation of the increased responsiveness to methacholine after inhalation challenge (Fig. 5 B and D) . Administration of anti-IL-17A mAb did not alter IL-4 and IL-13 expression in the lung (Fig. 5C ), possibly because of incomplete IL-17 neutralization. Thus, the decrease in inflammation and responsiveness to methacholine caused by anti-IL-17 mAb was not due to decreased expression of these two cytokines.
Our results suggest that the selective ability of EC sensitization to elicit a Th17 response may be due to the selective ability of skin-derived DCs to induce IL-17A production by naïve T cells. FITC ϩ DCs isolated from LN that drain FITC-painted skin selectively induce a robust IL-17A response in naïve DO11.1 CD4 ϩ T cells (Fig. 6A) . FITC ϩ DCs are likely to represent recent skin emigrants, although we cannot rule out that some may have been DCs resident in the LNs that acquired FITC draining through afferent lymphatic channels or from bona fide skin DCs emigrants. In contrast, splenic DCs induced markedly less IL-17A production by the same CD4 ϩ T cells. The selective ability of skin-derived DCs to induce IL-17 production was not simply the result of a general enhancement of the activity of these DCs, because skin-derived and splenic DCs caused comparable T cell proliferation and secretion of Th1 and Th2 cytokines (Fig. 6 A and B) .
Skin-derived DCs expressed significantly more IL-23/p19 mRNA than splenic DCs but roughly comparable amounts of TGF␤ and (Fig. 6C) . This suggests that the selective ability of skin-derived DCs to induce IL-17 may be due to their increased expression of IL-23. Anti-IL-23 antibody inhibited the ability of skin DCs to induce IL-17A secretion by naïve T cells, with no effect on IL-4 or IFN-␥ secretion (Fig. 6D ) and little effect on proliferation. This finding suggests that increased IL-23 expression by skinderived DCs contributes to their ability to induce Th17 cells.
The selective ability of skin-derived DCs to induce Th17 cells, was found to depend, in part, on skin TGF␤. Intradermal injection of anti-TGF␤ mAb significantly inhibited the ability of FITC ϩ DCs isolated from lymph nodes that drain FITC-painted skin to induce intracellular expression and secretion of IL-17A (SI Fig. 9A ). In human AD lesions, and in our EC-sensitization model, there is evidence of dermal infiltration of eosinophils, which express TGF␤ (30, 31) . This raises the possibility that introduction of antigen into lesional skin may further promote a Th17 response. The finding that i.d. injection of an anti-IL-6 mAb had no effect on the ability of skin-derived DCs to drive IL-17 production is possibly explained by the fact that IL-6 is also produced by cells in the draining LNs, including DCs. IL-6 in LNs may not be accessible to neutralization by intradermally injected antibody.
AD patients suffer from defects in skin barrier function, associated in some with mutations in the filaggrin gene, a member of the epidermal differentiation complex (32, 33) . EC sensitization with environmental allergens is thought to play an important role in allergic sensitization in AD patients (14) , and the presence of a mutation in filaggrin significantly increases the risk for asthma in these patients (32) . Skin-barrier defects and mechanical skin injury inflicted by scratching in AD are mimicked by tape-stripping in our model. Thus, our findings that sensitization via the skin is a powerful inducer of the Th17 response and that this Th17 response incites airway inflammation in response to inhalation of the same antigen have important implications for patients with AD. They also suggest that IL-17 neutralization may be helpful for the treatment of asthma, which commonly develops in AD patients.
Materials and Methods
Mice and Sensitization. BALB/c mice were obtained from Charles River Laboratories (Wilmington, MA). DO11.10 TCR transgenic mice on BALB/c background were obtained from The Jackson Laboratory (Bar Harbor, ME). EC sensitization of 8-to 10-weekold female mice was performed as described (18) . For i.p. immunization, mice were injected with 50 g of OVA in alum or alum alone on days 0 and 14.
Cell Preparation and Culture. Single-cell suspensions from spleen, regional draining LNs, and lung cells were cultured in the presence of OVA (100 g/ml).
Intracelluar Cytokine Staining and Cytokine ELISA. These processes were performed as described (2) .
Quantitative PCR Analysis of Cytokines. Quantitative real-time PCR was done as described (20) .
Airway Challenge, Analysis of BAL Fluid, and Histological Analysis of Lung. All processes were performed as described (20) . For ECsensitized mice, Penh was measured as described (21) . For blockade of endogenous IL-17, anti-IL-17A mAb, or control rat IgG2a (both from R & D Systems) (100 g/mouse) was i.v. administered twice during the last week of EC sensitization.
Isolation and Functional Analysis of Skin DC Emigrants and Splenic
DCs. The dorsal skin of anesthetized mice was shaved. FITC (10 mg/ml) was applied in 100-l aliquots. 
